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ABSTRACT 13 
Flow measurements in Urban Drainage Systems (UDS) are essential for pollution control and system 14 
management. Since the accuracy of, today the most popular, Acoustic Doppler Velocimeters is 15 
impeded by several factors, this research is focused on the alternative, or a supplemental, Electro-16 
Magnetic Velocity (EMV) meters. EMV meters are more robust and can provide accurate low flow 17 
measurements, even when covered with porous sediment. However, the downside of EMV is the 18 
small control volume (CV) where the flow velocities are integrated in a non-linear manner to obtain a 19 
single, one-dimensional measured velocity. For a better understanding of the sensor output and 20 
measured mean flow velocity with quantified uncertainty, it is necessary to determine the size of the 21 
CV and to understand the non-linear integration principle within the CV. Valuable technical 22 
parameters, needed for describing these EMV properties, are typically not provided by the 23 
manufacturers. Fundamentally, they could be defined with the magnetic field and “virtual” current 24 
distributions. To allow for a more practical interpretation of the EMV operating principle, a simplified 25 
model of an EMV sensor is proposed here. The suggested model describes the EMV operating 26 
principle with only two technical parameters, one-dimensional weighting function 𝑤 and the reach of 27 
the CV, the 𝜏𝑚𝑎𝑥. Furthermore, a methodology is proposed for defining these two parameters, using 28 
two lab flume experiments. The first one is focused on the investigation of the EMV output, when the 29 
EMV is covered by the porous sediment with different depths. The second experiment involves the 30 
determination of the longitudinal velocity distribution within the lab flume and the CV of the EMV 31 
meter. A backward analysis is suggested to formulate a minimization problem, from which the 32 
unknown technical parameters are assessed. The proposed procedure was applied on the examined 33 
Flat DC-2 EMV meter. Derived one-dimensional weighting function 𝑤 exponentially drops with the 34 
distance from the electrodes, while the reach of the CV was found to be 𝜏𝑚𝑎𝑥 = 8.7 cm. These 35 
parameters, and the simplified model, were validated against the EMV outputs acquired in the lab 36 
flume, without sediment presence.  37 
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Flow measurements in Urban Drainage Systems (UDS) present a challenging task. Measuring devices 48 
have to be designed to operate with partially filled pipes, with varying water depths and a large range 49 
of velocities, in environmental conditions commonly characterized as hostile. The selection of the 50 
optimal measuring method is governed by hydraulic, physical and environmental conditions along 51 
with the properties of the flowing fluid (Godley, 2002). In UDS particularly, the Velocity-Area (VA) 52 
method is frequently used. Wet cross-sectional area 𝐴⁡can be easily obtained via depth ℎ 53 
measurements and known 𝐴(ℎ) relation, but the assessment of the mean flow velocity 𝑉 is a more 54 
complex task, since none of the available devices can measure it directly. To obtain the mean flow 55 
velocity, it is necessary to find the relationship connecting some measured velocity 𝑉𝑚𝑒𝑎𝑠 with the 56 
actual mean flow velocity 𝑉. This relationship depends on both the used measuring method and the 57 
hydrodynamic features of the measuring site (Larrarte 2006, Bonakdari and Zinatizadeh, 2011). As 58 
each velocity measuring method is governed by certain technical parameters (Larrarte et al., 2008), 59 
for adequate implementation of the VA method in UDS, it is essential to know these parameters of the 60 
used sensors. 61 
Commonly in the UDS, velocity measurements are performed with a bed-mounted Acoustic Doppler 62 
Velocimeters (ADV) (Larrarte et al., 2008). However, it was shown (McIntyre & Marshall, 2008) that 63 
the ability of the ADV to provide accurate velocity measurements in UDS can be impeded by several 64 
factors (Maheepala et al., 2001; Aguilar et al., 2016): low flow depths, low velocities, sedimentation, 65 
etc. Hence an investigation on alternative, or a supplement method is needed, in order to increase the 66 
reliability of flow measurements in UDS. In this paper, the flat bed-mounted Electro Magnetic 67 
Velocity (EMV) meter/sensor is analyzed (Svet instrumenata, 2018).  68 
Due to the nature of the operating principle, the EMV meters are potentially more robust and reliable 69 
when compared to the ADV. It was shown that EMV meters can provide measurements of the flow 70 
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velocity even covered by few centimeters of porous sediment (Ivetić et al., 2018a). Additionally, 71 
EMV meters have good performance for flows with low depths (smaller than 5 cm) and low, or even 72 
reverse velocities (below few cm/s), found in pipes under the back-water effect. These characteristics 73 
are particularly valuable in the combined sewer systems where a dramatic difference is observed 74 
between dry and wet weather flows (Harremoës et al., 1993). However, the downside of the EMV 75 
meters is the small control volume (CV, flow volume contributing to the sensor’s output signal) close 76 
to the sensor. The velocity measurements are more “local“, when compared to the bed-mounted ADV 77 
and confined to the parts of the flow near the wall, where the velocity gradients are high. Furthermore, 78 
velocity measurements made by the EMV are the result of non-linear integration of flow velocities 79 
within the CV (Shercliff, 1962). Therefore, additional care should be taken when defining the 80 
relationship between 𝑉𝑚𝑒𝑎𝑠 and the actual 𝑉. The standard calibration procedure (ISO3455, 2007), 81 
performed by the manufacturer is not covering these issues. This relationship should be assessed for 82 
the range of flows and hydraulic conditions, through the discharge assessment, or transiting, for given 83 
local geometric configuration (El Bahlouli & Larrarte, 2018; Ivetić et al., 2018b). Using numerical 84 
modelling of the velocity fields, the observed velocity can be simulated 𝑉𝑆,𝑚𝑒𝑎𝑠 and correlated to the 85 
𝑉, presuming that the sensor arrangement and technical parameters (describing the measurement 86 
principle) are known. Furthermore, the associated uncertainties can be assessed leading to the 87 
optimization of the number and position of the sensors. As the manufacturers of EMV meters are 88 
typically not providing the user with these technical parameters, a suitable methodology for their 89 
derivation is needed. In the literature, such a procedure for the bed-mounted EMVs does not exist. 90 
In this paper, a simplified mathematical model of the bed-mounted EMV is suggested, describing the 91 
operating principle of the sensor with two technical parameters, one-dimensional weighting function 92 
𝑤 and the reach of the CV, the 𝜏𝑚𝑎𝑥. It is estimated that for practical purposes these two parameters 93 
are sufficient to describe the non-linear integrating principle of the EMV meter, needed for 94 
establishing the relationship between the measured velocity 𝑉𝑚𝑒𝑎𝑠 and the actual mean flow velocity 95 
𝑉. Furthermore, an experimental methodology is proposed for the assessment of these technical 96 
parameters, based on two lab flume experiments. The first experiment involves investigation of the 97 
EMV output in the conditions where the sensor is covered with porous sediment (Ivetić et al., 2018a) 98 
of varying depth. The second experiment is focused on describing the distribution of the longitudinal 99 
velocity within the lab flume, or more accurately within the CV of the EMV device. The aim of the 100 
analysis is to support the simplified framework for the application of the discharge assessment 101 
(transiting) procedure, with bed-mounted EMV devices. 102 
The paper has been structured in the following manner: firstly, in the material and methods section, 103 
the brief overview of the EMV theory is presented, supplemented by the summary of the bed mounted 104 
flat EMV characteristics and the simplified mathematical model of an EMV operating principle. 105 
Afterward, the details of the used experimental setup are presented. Material and methods section is 106 
closed with the concept of the proposed procedure for the assessment and validation of the (missing) 107 
technical parameters. In the next section, the results of the applied procedure, on the used flat bed-108 
mounted EMV, are presented and the derived technical parameters are validated. Finally, in the 109 
conclusions, implications of the presented investigation are discussed and the directions for future 110 
research are defined.   111 
 112 
MATERIAL AND METHODS 113 
2. 1. Mean velocity measurement with the EMV meter 114 
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Bed-mounted EMV meters are not commonly used for flow measurements in UDS or in open channel 115 
flows. The operating principle of these devices along with the overview of the used EMV 116 
characteristics are presented in Ivetić et al. (2018a), while the basics are recapitulated here. Afterward, 117 
the simplified mathematical model of an EMV sensor is proposed and the importance of the missing 118 
technical parameters is highlighted in the scope of the accurate mean flow velocity assessment.  119 
 120 
2.1.1. Basics of the EM velocity sensing theory  121 
EMV operating principle is based on the Faraday’s law of induction, where the meter’s output signal 122 
(induced voltage between the electrodes 𝐸) is generated by the motion of the conductive fluid through 123 
a transversal magnetic field (Shercliff, 1962). By assuming particular electric and magnetic properties 124 
of the environment (Michalski et al., 2001), Kolin (1936) has proposed a basic relationship for the EM 125 
theory. General sensitivity was described as the cross product of the velocity and the magnetic field at 126 
a certain position (Bevir, 1970; Bevir et al., 1981, Watral et al., 2016). Furthermore, the relations used 127 
in electrical networks, motivated an idea to describe how each part of the flow field contributes to the 128 
total voltage 𝐸 measured by the EM sensor, through the weighting function 𝑤 (Shercliff, 1962) or in a 129 
more rigorous formulation, through the weighting vector ?⃗⃗⃗?  (Bevir, 1970):  130 
𝐸 = ∫ (?⃗? × 𝑗 ) ∙ ?⃗? 𝑑𝜏 = ∫ ?⃗⃗⃗? ∙ ?⃗? 𝑑𝜏
𝜏𝜏




where ?⃗?  is the fluid’s streamwise velocity field, ?⃗?  is the magnetic field (or induction) of EMV’s coils, 132 
the cross product ?⃗? × 𝑗  defines Bevir’s weighting vector ?⃗⃗⃗? , 𝜏 represents the CV of the EM sensor 133 
(Fig. 1) and 𝑗  is the virtual current vector (i.e. the current density set up in the liquid by driving an 134 
imaginary unit current between a pair of electrodes).  135 
 136 
 137 
Fig. 1. Left) Flat DC-2 EMV in the lab flume (top view); Right) Illustration of the Flat EMV 138 
operation under sand cover with parameters significant to the analysis (longitudinal cross-section) 139 
 140 
2.1.2. Bed-mounted flat EMV meter  141 
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In the research presented here, bed mounted Flat (coil) DC-2 EMV sensor was used. It is designed by 142 
a local SME (Svet instrumenata, 2018) for one-dimensional velocity measurements. The sensors are 143 
installed and are continuously operating in the several UDS applications, either on the bottom or on 144 
the wall (when multiple sensors are used, e.g. as in Ivetić et al., 2017). For minor conduits, smaller 145 
Compact Flat DC-2 EMV is used. 146 
The flat EMV sensor is shaped to minimize the flow disturbances. The used EMV has two flat 147 
excitation coils integrated into the robust inox housing, covered with epoxy resin, with the dimensions 148 
of L = 280 mm, W = 160 mm and H = 23 mm (Fig. 1 Left). The high internal resistance (order of 20 149 
MΩ) reduces the effects of fluid conductivity variations on the velocity measurements. The sensor is 150 
connected to external data logger and power source. Data can be collected either wirelessly via GPRS 151 
or with the standard RS-232/RS-485 serial interface. The overall cost of one flat DC-2 EMV unit is 152 
below 5000 $, being in a similar price range as the one-dimensional non-profiling ADV. Factory 153 
calibration of each EMV meter is performed in a towing tank simulating nearly homogenous velocity 154 
profile in the CV of the sensor (ISO3455, 2007). The manufacturer specifies that the accuracy of the 155 
DC-2 EMV device is ±1% of the measured velocity and the precision 0.001 m/s. The operating range 156 
is bidirectional, defined as ± 15 m/s. Results of the laboratory benchmarking of the measurement 157 
uncertainty were reported in Ivetić et al. (2018a). The induced voltage shows a linear relationship with 158 
the measured velocity, even in the case of the low flow depths where some deviations were expected 159 
due to the effects of the sensor housing on the velocity distribution. The power consumption is user 160 
controllable: larger coil currents and longer measurement periods will increase the needed power but 161 
will lead to better signal/noise ratio.  162 
 163 
2.1.3. A simplified mathematical model of an EMV and (missing) technical parameters 164 
The main source of the flow measurement uncertainty in the VA method is emanating from the mean 165 
velocity assessment. A number of investigations involving the usage of bed-mounted ADVs (Hughes 166 
et al., 1996; Larrarte et al., 2008), emphasized that the velocity measured 𝑉𝑚𝑒𝑎𝑠 is different from the 167 
mean flow velocity 𝑉, due to the local character of the measurements. Even in sites which satisfy the 168 
basic requirements, in terms of the straight sewer reaches with neither deposits nor singularities in the 169 
vicinity, a suitable extrapolation is needed to obtain the mean velocity over the entire wet cross 170 
section (El Bahlouli & Larrarte, 2018) for the expected range of flows. As EMVs are also measuring 171 
the velocity in the local, fixed volume CV, the same conclusions can be drawn. The relationship, or 172 
the extrapolation, connecting the measured velocity 𝑉𝑚𝑒𝑎𝑠 with the actual mean velocity 𝑉, is a 173 
function of both the technical parameters of the velocity sensor (describing the size of the CV and the 174 
principle of the velocity integration within) and the local hydrodynamic properties (velocity profile) in 175 
given flow range.  176 
Equation (1) is used to describe the output of the EM sensors: the output voltage is proportional to the 177 
product of the velocity field and the weighting vector ?⃗⃗⃗? , or function 𝑤, integrated across 𝜏. Due to 178 
the complexity of this model, where the output is defined with a volume integral of three vector fields, 179 
an attempt is made here to derive the simplified mathematical model of bed-mounted EMVs. The goal 180 
of the simplification is to allow the user to easily describe the EMV’s operating principle. The 181 
simplified model and the appropriate technical parameters of the particular EMV sensor, allow the 182 
user to perform discharge assessment (or transiting in El Bahlouli & Larrarte, 2018), in specified 183 
geometric configuration of a conduit, for the expected range of flow rates (Ivetić et al, 2018b).   184 
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The Faraday’s law of induction is governed by the right-hand rule, therefore the main longitudinal 185 
velocity component 𝑉𝑥 is also the dominant contributor to the output signal. It is deemed that for 186 
describing the EMV output, the formulation given by Shercliff (1962), involving the usage of the 187 
weighting function 𝑤, can be used instead of the vector ?⃗⃗⃗? . Thus, it can be concluded that for the 188 
modelling of the EMV output, apart from the 𝑉𝑥, it is sufficient to define only the weighting function 189 
𝑤 and the size of the EMV’s CV, the 𝜏.  190 
In general, the CV of a bed-mounted EMV sensor depends on the type of used coils to create the 191 
electromagnetic field and can be spatially described as a volume 𝜏 (Fig.1). Assuming that the 192 
longitudinal velocity distribution 𝑉𝑥, across the width and the length of the CV, is not varying 193 
significantly, volume integral from eq. (1) can be simplified to one dimension, i.e. the definite line 194 
integral. Thus, the integration is performed along a line perpendicular to the surface of the electrodes. 195 
It should be noted that, by adopting this simplification, only the effects of velocity profile 196 
irregularities across the 𝑧 direction (perpendicular to the EMV electrodes or across the height of the 197 
EMV CV) can be analyzed. Also, by proceeding in this manner, the weighting function 𝑤 is reduced 198 
to one dimensional function 𝑤(𝑧). As it will be later shown, in such a case it is reasonable to describe 199 
CV by using a single parameter 𝜏𝑚𝑎𝑥, hereby named as a control volume reach. The reach of the CV 200 
𝜏𝑚𝑎𝑥, defines the distance between the minimum lower and maximum upper limit of the linear 201 
integration (Fig. 2). Lower limit of integration is in general defined by the vertical position of the 202 
surface of the EMV electrodes 𝑍𝑠𝑢𝑟𝑓, although in case of the presence of sediment cover of depth 𝛿 it 203 
should be defined as: 204 
𝑍𝐿 = 𝑚𝑎𝑥{𝑍𝑠𝑢𝑟𝑓 , 𝛿} (2) 
 205 
As the flow depth ℎ can be lower than the 𝑍𝑠𝑢𝑟𝑓 + 𝜏𝑚𝑎𝑥, the upper limit of the integration is defined 206 
in the following manner: 207 
𝑍𝑈 = 𝑚𝑖𝑛{𝑍𝑠𝑢𝑟𝑓 + 𝜏𝑚𝑎𝑥, ℎ} (3) 
 208 
Between these limits, a product of the longitudinal velocity profile and the corresponding one-209 
dimensional weighting function is integrated, hence a measured output 𝑉𝑚𝑒𝑎𝑠 can be simulated using 210 
the following simplified equation:  211 





where 𝑉𝑆,𝑚𝑒𝑎𝑠 is the simulated EMV output while 𝑧 is the distance perpendicular to the surface of the 213 
electrodes, measured from the bottom of the conduit (or conduit walls if the EMV is mounted on the 214 
wall). It should be highlighted that by varying the lower and upper limit of integration, different parts 215 
of the 𝑤(𝑧) are included in the integral, although the spatial distribution of 𝑤(𝑧) remains constant.  216 
The Eqs. (2-4) define the simplified mathematical model of a bed-mounted EMV. In general, different 217 
designs of the bed-mounted EMV’s are available, with various excitation coil shapes and electrode 218 
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size and position. However, typically the CV is positioned above the sensor housing. Thus, it is 219 
assumed that the presented model can be applied for the simulation of the output originating from 220 
different bed-mounted EMV models, if the assumption regarding the negligible variation of the 𝑉𝑥 is 221 
applicable. By allowing for the simulation of the sensor output, via the presented model, the discharge 222 
assessment for typical UDS geometric configurations can be performed (El Bahlouli & Larrarte, 223 
2018). Unfortunately, the parameters 𝑤(𝑧) and 𝜏𝑚𝑎𝑥 of particular EMV models, are typically not 224 
provided by the sensor manufacturers. Additionally, to the best of the authors knowledge, 225 
corresponding recommendations for their definition are not available in the literature.  226 
 227 
 228 
Fig. 2. A simplified mathematical model of a bed-mounted EMV sensor: illustration of the integration 229 
limits - A) Standard: Lower limit 𝑍𝐿 = 𝑍𝑠𝑢𝑟𝑓 and the upper limit 𝑍𝑈 = 𝑍𝑠𝑢𝑟𝑓 + 𝜏𝑚𝑎𝑥, B) 230 
Sedimentation: Lower limit 𝑍𝐿 = 𝛿 and the upper limit 𝑍𝑈 = 𝑍𝑠𝑢𝑟𝑓 + 𝜏𝑚𝑎𝑥, C) Low flow depth: 231 
Lower limit 𝑍𝐿 = 𝑍𝑠𝑢𝑟𝑓 and the upper limit 𝑍𝑈 = ℎ 232 
 233 
2.2. Experimental setup 234 
The lab flume in the Faculty of Civil Engineering, University of Belgrade (Serbia), has been used for 235 
the experimental work (Fig. 4 & 5 in Ivetić et al., 2018a). It accommodates the free surface flow in an 236 
8 m long and 0.25 m wide rectangular channel with a controllable downstream flap gate. The flume is 237 
connected to the variable frequency drive pump, providing flow rates up to 40 L/s and water depths 238 
up to 0.4 m. The whole system can also be controlled with a flow control valve placed at the inlet of 239 
the flume. At the inlet pipe, a KROHNE Aquaflux F/6 EMF is mounted with an assessed flow 240 
measurement uncertainty of 0.6% for an extended flow range of 2 L/s - 212 L/s. Depth gauge placed 241 
perpendicular to the water level and above the EMV meter, covered the range of depths between zero 242 
and 40 cm (ℎ𝐵), with a benchmark uncertainty of 0.2 cm. The EMF and the depth gauge were used for 243 
benchmarking the uncertainties of the velocity measurements (Ivetić et al., 2018a), made by Flat 244 
EMV placed 4.20 m from the upstream small reservoir and 3.50 m from the downstream flap gate. 245 
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Above the flume a traversing system is installed, allowing for the computer-guided servo positioning 246 
of the down-looking 3D ADV sensor, for the point velocity measurements. Specifically, the Vectrino 247 
PLUS model (Nortek, 2009) was used, with the declared accuracy of 0.5% (in ideal conditions). The 248 
ADV was used to measure the velocity distribution within the CV of the EMV. Since the presented 249 
system is closed, the conductivity of the water can be considered uniform and constant.  250 
 251 
2.3. Assessment of the (missing) technical parameters 252 
The procedure for the assessment of the EMV’s one-dimensional weighting function 𝑤(𝑧), and the 253 
reach of the CV, the 𝜏𝑚𝑎𝑥 is based on the results of two correlated experimental investigations. 254 
Firstly, the experiments including the EMV operation under sand sediment of different depths were 255 
conducted. It was assumed that the sand sediment is not affecting the EM properties of an EMV 256 
sensor (Newman, 1982). In a total of 𝑚 = 1 → 𝑀 experiments, where 𝑀 = 16,  the Flat EMV was 257 
covered with the sediment depths of 𝛿𝑚 = {0, 5, 10, 15, 20, 23, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 258 
80 mm}. To prevent the sand from moving, maximum mean flow velocity was kept around 0.30 m/s. 259 
The performed experiments were analyzed in Ivetić et al. (2018a). It was concluded that the sediment 260 
cover reduced the output signal in a systematic manner. The observed systematic effect on the 261 
measurements, can be minimized with the application of the linear regression analysis and resulting 262 
linear correction functions, defined by the intercept or zero-shift 𝛽 and slope or amplification 𝛼: 263 
𝑉𝐵,𝑚̅̅ ̅̅ ̅̅ =




where 𝑉𝐵,𝑚̅̅ ̅̅ ̅̅  and 𝑉𝐸𝑀𝑉,𝑚̅̅ ̅̅ ̅̅ ̅̅ ̅ are benchmark mean velocity and observed velocity, respectively while  𝛼𝑚 265 
[-] and 𝛽𝑚 [m/s] are the 𝑚-th correction function slope and intercept parameter respectively. It was 266 
found that the parameters of the correction functions can be modelled if the sediment depth 𝛿 is 267 
known, therefore a sediment (type) specific Correction Function Model (CFM) was defined and 268 
proposed for reduction of the systematic effect of the sediment cover on the velocity measurements.  269 
For the analysis presented here, it is interesting to examine the variation of the correction function 270 
parameters 𝛼 and 𝛽 against the sediment depth 𝛿. The value of parameter 𝛽 was found to be constant 271 
for varying sediment cover depths. This type of behavior was linked to the fact that the zero shift, 𝛽 272 
originates from the reduction of the surface of the electrodes due to the presence of the sediment cover 273 
(Ivetić et al., 2018a). On the other hand, the value of 𝛼, correction function slope or amplification, has 274 
shown a clear power like correlation with the sediment depth (Fig 3). It was concluded that the 275 
observed reduction of the output signal, proportional to 𝛿, was occurring due to the fact that the 276 
sediment cover was occupying the lower part of the EMV’s CV, hence the 𝑍𝐿 was shifted upwards 277 
(Eq. 2 and 4). The parts of the CV occupied with the sediment, where the velocities are negligible 278 





Fig. 3. Correction function slope 𝛼 values with CFM slope model, obtained after reduction of the bias 282 
uncertainty resulting from the presence of the various sand sediment depths 𝛿 = 𝑍𝐿   283 
 284 
Further analysis revealed that these results can be used for the derivation of the one-dimensional 285 
weighting function 𝑤(𝑧) and the reach of the CV, the 𝜏𝑚𝑎𝑥. The rationale is based on the fact that the 286 
sediment cover experiments lead to the correlation between the reduction of the CV size in the 287 
direction perpendicular to the electrodes (through 𝑍𝐿 = 𝛿), and the reduction of the EMV output – 288 
described through the parameter 𝛼. If the actual longitudinal velocity distribution 𝑉𝑥(𝑧) is known, Eq. 289 
(4) can be used to assess the missing technical parameters 𝑤(𝑧) and 𝜏𝑚𝑎𝑥. The following subsections 290 
are dedicated to the description of the procedures used for the definition of the actual longitudinal 291 
velocity distributions in the lab flume through a second experimental investigation, and later the 292 
assessment and the validation of the technical parameters.  293 
   294 
2.3.1. Assessment of the longitudinal velocity field within the Control Volume 295 
To derive the one-dimensional weighting function 𝑤(𝑧), a continuous function describing the 296 
longitudinal velocity distribution 𝑉𝑥(𝑧) above the Flat DC-2 EMV was needed to complement the 297 
experiments presented in Ivetić et al. (2018a). The experimental analysis of the flat EMV were 298 
performed in the lab flume described in the section 2.2. It is important to highlight that during the 299 
experiments the aspect ratio 𝐴𝑟 (the ratio between the flume width 𝐵 and channel depth ℎ) was 300 
smaller than 5 in most of the cases. Thus, the experiments were performed in the narrow channel 301 
setup, where the velocity distribution is three dimensional, and the maximum velocity appears bellow 302 
the free surface (Nezu et al., 1986; Bonakdari et al., 2008). The submerged position of the maximum 303 
velocity is defined through the value of dip phenomenon, the 𝜉𝑑𝑖𝑝.  304 
In general, for describing the 𝑉𝑥(𝑧) in the fully turbulent channel flow, different formulations are used 305 
for the inner and outer regions of the composite turbulent boundary layer. The inner region represents 306 
roughly 10-20% of the channel flow depth, and within this region, turbulent kinetic energy generation 307 
is dominant over the rate of dissipation. Depending on the wall rugosity, i.e. smooth or rough walls, 308 
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different formulations can be used for describing the velocity distribution. For the case of rough walls, 309 









) + 𝐵𝑠 (6) 
 311 




). For defining 𝐵𝑠, roughness length of the surface 𝑧0 is needed, which can be determined 313 
based on the roughness Reynolds number, using the relations proposed by Jan et al. (2006). Although 314 
the porosity of the sand has an influence on the velocity distribution in the inner region, Chen & 315 
Chiew (2004) indicated that this relation can be applied for flows over porous beds, if there is no 316 
seepage through the bed.   317 
Due to the narrow channel flow setup, analytical velocity distribution that accounts for the dip 318 
phenomenon, regarding the value 𝜉𝑑𝑖𝑝, was needed for the outer region. General formulation proposed 319 
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where 𝜉𝑖 is the relative distance from the bottom, 𝜉 is the relative position of the boundary between 322 
the inner and outer region,⁡𝐶𝐴𝑟 is the parameter depending on the 𝜉𝑑𝑖𝑝 value, while sin𝜃 is the energy 323 
slope. The expression was derived from the simplified Reynolds Averaged Navier-Stokes equations, 324 
taking into the account the previously observed features of the narrow channel flows. The main 325 
parameter of this model is defined as  𝐶𝐴𝑟 = 9.3𝜉𝑑𝑖𝑝
1.7 . Several researchers proposed expressions for the 326 
value of  𝜉𝑑𝑖𝑝, at the central vertical profile, based on a series of measurements (e.g. Wang et al., 327 
2001; Yang et al., 2004; Bonakdari et al., 2008). To define the most adequate formulation for the 𝜉𝑑𝑖𝑝 328 
value, and generally the velocity distribution in the experiments with the Flat EMV, supplementary 329 
𝑉𝑥(𝑧) measurements were performed. Experimental setup described in section 2.2. was used and three 330 
cases were analyzed (Table 1.).  331 
 332 
Table 1. Flow characteristics of three analyzed cases used for the assessment of the longitudinal 333 
velocity distribution within the lab flume 334 
Case Sediment depth Flow rate Flow depth 
        
[/] [mm] [L/s] [cm] 
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1 20 14.5 20.4 
2 25 14.4 20.3 
3 0 33.3 32.4 
 335 
Longitudinal velocity distribution above the Flat EMV was measured within the flume, along three 336 
Central Vertical Profiles (CVP). The positions of the CVP 1 and 3 were chosen to be above the 337 
EMV’s electrodes, while CVP 2 is placed in between (Fig. 4). Point velocity measurements were 338 
made with the down-looking ADV (Lohrmann et al., 1994). Raw instantaneous velocity 339 
measurements were taken using the sampling frequency of 100 Hz and were despiked based on the 340 
spike detection algorithm proposed by Goring & Nikora (2002). Despiked measurements were 341 
averaged over 30 s interval (𝑣𝑥̅̅ ̅) as suggested by Buffin-Bélanger & Roy (2005). 342 
 343 
 344 
Fig. 4. A schematic illustration of the central vertical profiles (CVP) position above Flat DC-2 EMV 345 
used for longitudinal velocity measurement using ADV     346 
 347 
2.3.2. Derivation of the technical parameters 348 
The starting point for the derivation of the one-dimensional weighting function 𝑤(𝑧) and the reach of 349 
the CV 𝜏𝑚𝑎𝑥, is the simplified mathematical model of the EMV sensor defined with Eqs. (2-4). 350 
Following the assumption that the 𝑉𝑚𝑒𝑎𝑠 ≅ 𝑉𝑆,𝑚𝑒𝑎𝑠, the mathematical model shows how 𝑉𝑚𝑒𝑎𝑠 can be 351 
reduced with the increase of the lower 𝑍𝐿 and reduction of the upper 𝑍𝑈 integration limit. As the 352 
magnetic field ?⃗?  and virtual current 𝑗  have the highest magnitudes in the vicinity of the electrodes, it 353 
is expected that the weighting function 𝑤(𝑧) follows a similar distribution. Hence, the increase of the 354 
𝑍𝐿 will have a dominant influence on the 𝑉𝑚𝑒𝑎𝑠 reduction (Fig 2 B), when compared to the decrease 355 
of the 𝑍𝑈 (Fig 2 C). Therefore, it can be expected that the correlation between the increase of 𝑍𝐿 and 356 
the reduction of 𝑉𝑚𝑒𝑎𝑠 is more valuable for the assessment of the technical parameters.  357 
The correlation 𝑍𝐿-𝑉𝑚𝑒𝑎𝑠 was defined based on the sand sediment experiments reported by Ivetić et al. 358 
(2018a). The 𝑍𝐿 was modified in a controllable manner with the sand sediment of various depths 𝛿. 359 
The measurements made by the Flat EMV sensor were compared to the ones corresponding to the 360 
𝑍𝐿 = 𝑍𝑠𝑢𝑟𝑓, where the whole weighting function was employed resulting in the 𝑉𝑚𝑒𝑎𝑠 = 𝑉0 (for 𝑉0, 361 
𝛼 = 1). The Fig 3 shows that, with the increase of the 𝑍𝐿 = 𝛿 (when 𝛿 > 𝑍𝑠𝑢𝑟𝑓), the 𝑉𝑚𝑒𝑎𝑠 has a 362 
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power like decrease, when compared to the 𝑉0 (𝑍𝐿 = 𝑍𝑠𝑢𝑟𝑓). If the information regarding the velocity 363 
distribution 𝑉𝑥(𝑧) is introduced here, the backward analysis can be used to reveal the actual 364 
distribution of the 𝑤(𝑧) from Eq. (4). However, the upper limit of integration 𝑍𝑈 (i.e. the reach of the 365 
CV) is unknown, thus, the derivation of the missing technical parameters is formulated as a 366 
minimization problem, where the set of 𝜏𝑚𝑎𝑥 values are examined to obtain the optimal one.  367 
From the sand sediment experiments (Ivetić et al., 2018a), it was observed that for the maximum 368 
sediment depth in the experiments of 𝛿 = 8.0 cm, the EMV sensor was producing a small output. This 369 
output was generated by the upper parts of the weighting function (with smaller magnitudes), between 370 
𝑍𝐿 = 𝛿 = 8.0 cm and unknown 𝑍𝑈. Thus, the RMSE of the simulated values 𝑉𝑆,𝑚𝑒𝑎𝑠 against the 371 
measured values 𝑉𝑚𝑒𝑎𝑠 observed with sediment depth of 𝛿 = 8.0 cm, was deemed as the viable 372 
minimization criteria. The minimum examined value of 𝜏𝑚𝑎𝑥 was 6.0 cm, corresponding to the 373 
difference between 𝛿 = 8.0 cm and 𝑍𝑠𝑢𝑟𝑓. Also, it was clear that 𝜏𝑚𝑎𝑥 is expected to be similar to this 374 
value as the measured velocity for the corresponding sediment depth of 𝛿 = 8.0 cm, were around 22 375 
times smaller than the benchmark values (𝛼 = 0.045). Therefore, the maximum examined 𝜏𝑚𝑎𝑥 was 376 
adopted to be double of the minimum value, i.e. 12.0 cm.  377 
Once the minimization problem was defined, it was necessary to discretize the simplified 378 
mathematical model (Eqs. 2 – 4). Since both functions 𝑤(𝑧) and 𝑉𝑥(𝑧) are continuous, the definite 379 
integral in Eq. (4) can be represented as the sum of products along the vertical line, discretized with 380 
an arbitrary ∆𝑧. Distance between 𝑍𝑠𝑢𝑟𝑓 and 𝑍𝑠𝑢𝑟𝑓 + 𝜏𝑚𝑎𝑥 is discretized in 𝑁 segments, via 𝑖 = 0⁡→381 
𝑁 discretization nodes. For each 𝛿𝑖 = 𝑍𝑠𝑢𝑟𝑓 + 𝑖∆𝑧 = 𝑍𝐿,𝑖, a linear equation in the form of the sum of 382 
the products can be used to describe the generation of the output signal 𝑉𝑚𝑒𝑎𝑠,𝑖 = 𝛼𝑖𝑉0. The 383 
distribution of the 𝑤(𝑧) is the characteristic property of the EMV sensor model and is constant in 384 
space for varying flow rates, water or sediment depths. On the other hand, for each 𝑍𝐿,𝑖 a 385 
corresponding velocity distribution 𝑉𝑥
𝑖(𝑧) needs to be defined as with the increase of 𝑖 the bulk flow is 386 
moving further away from the electrodes. Thus, for each 𝑍𝐿,𝑖, a different upper segment of the 𝑤(𝑧) 387 
between 𝑗 = 𝑖 → 𝑁 is multiplied with a corresponding 𝑉𝑥
𝑖(𝑧), and integrated to yield 𝑉𝑚𝑒𝑎𝑠,𝑖 (Fig. 5). 388 









  390 
The Eq. (8) can be interpreted as a discretized version of the simplified mathematical model of an 391 
EMV sensor (Eq. 4). For the sake of brevity, a system of 𝑁 equations (8) can be represented in the 392 
matrix form: 393 
𝑁𝛂𝑉0 = 𝐰𝐕 (9) 
 394 
where 𝛂 is the row (1 × 𝑁) vector of slope coefficients, 𝐰 is the row (1 × 𝑁) vector of unknown 395 
coefficients of weighting function and 𝐕 is the square (𝑁 × 𝑁) matrix of longitudinal velocity 396 
profiles. Due to the fact that the filtration velocity is negligible (𝑄𝐹~0, Fig 1 Right), the matrix 𝐕 has 397 
a Lower Diagonal (LD) form, where the coefficients above the diagonal, corresponding to the 398 
velocities in the sediment cover, are equal to zero. As the derivation of the technical parameters is 399 
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postulated as a minimization problem, for each examined 𝜏𝑚𝑎𝑥 between 6.0 and 12.0 cm, a 400 
corresponding 𝐰 is computed from Eq. (9). Final 𝐰 and 𝜏𝑚𝑎𝑥 are defined based on the min RMSE 401 
criterion, between the simulated values 𝑉𝑆,𝑚𝑒𝑎𝑠 and observed 𝑉𝑚𝑒𝑎𝑠 for the 𝛿 = 8.0 cm.   402 
 403 
 404 
Fig. 5. Schematic illustration of the EMV output signal generation through the interaction between the 405 
weighting function 𝑤(𝑧) and corresponding velocity distributions 𝑉𝑥(𝑧) for subsequent sediment 406 
depths 𝛿𝑖 and 𝛿𝑖+1   407 
   408 
2.3.3. Validation of the technical parameters 409 
To validate the proposed simplified mathematical model of the EMV sensor and the derived technical 410 
parameters 𝐰 and 𝜏𝑚𝑎𝑥, an independent set of data measured with the flat EMV was used, extracted 411 
from the laboratory tests without sediment cover, reported in the Ivetić et al. (2018a). Within this set, 412 
114 original (unadjusted) velocity measurements were simulated with the proposed model Eqs (2 – 4), 413 
and the derived 𝐰 and 𝜏𝑚𝑎𝑥. Using the results from the assessment of the longitudinal velocity field, 414 
specifically from the case 3 (Table 1), needed velocity profiles were modelled. Simulated 415 
measurements were plotted against the original measurements using the line of perfect agreement (1:1 416 
line) as a reference. The RMSE is reported, conforming to the bias uncertainty (Aguilar et al., 2016), 417 
and compared with the adjusted bias uncertainty of the flat EMV sensor (Ivetić et al., 2018a).   418 
 419 
RESULTS & DISCUSSION  420 
 421 
3.1. Assessment of the longitudinal velocity field within the Control Volume 422 
Following the experimental procedure presented in 2.3.1, point velocity measurements were made 423 
within lab flume, for three different cases (Table 1.). Original raw data were despiked using the 424 
algorithm proposed by Goring and Nikora (2002) and averaged over 30 s interval. Although several 425 
measurements 𝑣𝑥̅̅ ̅ were characterized with low SNR values, and therefore could have been rejected, 426 
the deviation from the examined velocity profiles were not significant. Overall, the average relative 427 
differences for case 1, 2 and 3 were 6.2%, 6.9% and 8.1%. The goal of these experiments was to 428 
determine the suitable longitudinal velocity distribution in the lab flume, needed for the derivation of 429 
the one-dimensional 𝑤(𝑧) (or 𝐰 in discretized form) and the CV reach 𝜏𝑚𝑎𝑥 of the DC-2 Flat EMV 430 
sensor.  431 
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Longitudinal velocity measurements for the cases 1 and 2, involving the presence of a sediment cover 432 
are presented in Fig. 6 and 7, respectively. Measurements for case 3, without the sediment, are 433 
presented in Fig. 8. Due to the geometry of the used lab flume, the effects of the Prandtl’s second type 434 
of secondary flow resulted in the appearance of the dip phenomenon 𝜉𝑑𝑖𝑝. This effect was captured in 435 
all of the measurements, which can be seen on the Fig. 6 – 8. To allow for the accurate modelling of 436 
such velocity profiles, a theoretical profile in the outer region given by Bonakdari et al. (2008) with 437 
several formulations for the location of the 𝜉𝑑𝑖𝑝 were examined and compared. It was found that for 438 
the examined dispositions, involving rather low aspect ratio 𝐴𝑟 values from 0.77 to 1.26, the most 439 
suitable fit was observed for the formulation of 𝜉𝑑𝑖𝑝 = 1.3⁡exp⁡(−𝐴𝑟 2⁄ ), given by Yang et al. (2004). 440 
The resulting velocity profiles are shown with a solid line on Fig. 6 – 8. However, the velocity 441 
measured at the point closest to the bed was found to be 20% higher, in average, than the modelled 442 
value. For the cases 1 and 2, this could be attributed to the effect of the porous bed, which was not 443 
captured by Eq. (6). On the other hand, for the case 3, the observed deviation could have a different 444 
origin, possibly from the housing of the sensor itself. As the observed deviations do not affect the 445 
results in a significant manner, it was concluded that the longitudinal velocity profiles in the lab flume 446 
can be modelled both in the inner and outer region. 447 
 448 
 449 
Fig. 6. Despiked longitudinal velocity measurements along three centerlines compared with the 450 
logarithmic velocity profile (Bonakdari et al., 2008), for 𝑄 =  14.5 L/s, ℎ = 22.4 cm, 𝛿 = 2.0 cm, 451 





Fig. 7. Despiked longitudinal velocity measurements along three centerlines compared with the 455 
logarithmic velocity profile (Bonakdari et al., 2008), for 𝑄 =  14.4 L/s, ℎ = 22.3 cm, 𝛿 = 2.5 cm, 456 
𝐴𝑟 = 1.26   457 
 458 
 459 
Fig. 8. Despiked longitudinal velocity measurements along three centerlines compared with the 460 
logarithmic velocity profile (Bonakdari et al., 2008), for 𝑄 =  33.3 L/s, ℎ = 32.4 cm, 𝛿 = 0.0 cm, 461 
𝐴𝑟 = 0.77  462 
 463 
3.2. Derivation of the technical parameters  464 
Once appropriate theoretical velocity distributions were determined, all of the needed information was 465 
available for the formulation of the system of linear equations (Eq. 8). The 𝑁 Eqs. (8) form the 466 
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system of linear equations (Eq. 9). As the 𝜏𝑚𝑎𝑥 was not known a priori, a set of 𝜏𝑚𝑎𝑥 values were 467 
inspected, where for each examined 𝜏𝑚𝑎𝑥 a different system of equations was solved (Eq. 9) yielding 468 
a set of pairs, computed 𝐰 and 𝜏𝑚𝑎𝑥. Final value of 𝜏𝑚𝑎𝑥, and corresponding 𝐰, were determined by 469 
minimizing the RMSE of the simulated values against the unadjusted values observed with the 470 
sediment depth of 𝛿 = 8.0 cm. It was found that minimal RMSE corresponds to 𝜏𝑚𝑎𝑥 = 8.7 cm, which 471 
can be seen on Fig. 9. The comparison between the observations simulated with 𝜏𝑚𝑎𝑥 = 8.7 cm and a 472 
complementary 𝐰, and original observations for 𝛿 = 8.0 cm, is shown on Fig. 10, with a line of 473 
perfect agreement (1:1 line) as a reference. 474 
The solution of the system of the linear equations (Eq. 9), for 𝜏𝑚𝑎𝑥 = 8.7 cm, leads to the 475 
experimentally defined one-dimensional weighting function 𝐰 (Fig. 11). It can be seen that the 476 
dominant contribution to the EMV’s output is coming from the regions of the CV closest to the 477 
electrodes of the sensor. With the increase of the vertical distance from the 𝑍𝑠𝑢𝑟𝑓, the magnitude of 478 
the weighting function 𝑤 drops, as expected. In the original Eq. (1), the weighting vector or function 479 
is defined by the cross product of the magnetic field ?⃗?  and virtual current 𝑗 . As the distance from the 480 
flat coils is increasing, the magnitude of ?⃗?  is decreasing. Similarly, the magnitude of 𝑗  is being 481 
governed by the magnitude of the ?⃗?  and the position of the electrodes, therefore 𝑗  has also the 482 
downward trend with the increase of the vertical distance from the sensor electrodes. 483 
 484 
  485 
Fig. 9. RMSE between the original and simulated observations made with the DC-2 Flat EMV for the 486 






Fig. 10. Observations, simulated with 𝜏𝑚𝑎𝑥 = 8.7 cm, against original unadjusted observations (Ivetić 491 
et al., 2018a) made with the DC-2 Flat EMV for the experimental setup with sand sediment depth 𝛿 = 492 
8.0 cm   493 
 494 
 495 
Fig. 11. Experimentally derived one-dimensional weighting function 𝐰 and the reach of the CV 𝜏𝑚𝑎𝑥 496 
for DC-2 Flat EMV, against the distance from the flume bottom (𝑍 = 0)  497 
 498 
3.3. Validation of the technical parameters 499 
The validation was performed using the set of unadjusted, or original, Flat DC-2 EMV observations 500 
reported in the Ivetic et al. (2018a), made on the standard setup without the sediment cover. In section 501 
3.1 it was concluded that the longitudinal velocity distribution in the vertical centerlines can be 502 
predicted for different flow conditions, with and without sediment, by using the Eq. 6 - 7. For each of 503 
the 114 used observations, velocity distribution was modelled and combined with the derived 504 
weighting function 𝐰 and 𝜏𝑚𝑎𝑥 to yield the values of the simulated observations 𝑉𝑆,𝑚𝑒𝑎𝑠, for given 505 
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flow conditions. Simulated observation values 𝑉𝑆,𝑚𝑒𝑎𝑠 are shown against the original, unadjusted 506 
observations 𝑉𝐸𝑀𝑉̅̅ ̅̅ ̅̅ ̅, with 1:1 reference line of perfect agreement, on Fig. 12.  507 
 508 
 509 
Fig. 12. Simulated observations against original unadjusted observations (Ivetić et al., 2018a) made 510 
with the DC-2 Flat EMV for the experimental setup without sand sediment  511 
It can be seen that the simulated observations 𝑉𝑆,𝑚𝑒𝑎𝑠 are in decent agreement with the unadjusted 512 
observations 𝑉𝐸𝑀𝑉̅̅ ̅̅ ̅̅ ̅. The computed RMSE value is 0.025 m/s, which is slightly higher than the 513 
adjusted bias uncertainty (0.015 m/s) reported in Ivetic et al. (2018a). It is assumed that the higher 514 
RMSE value is mainly due to the deviations between the used theoretical velocity distribution and 515 
actual velocity distribution. It can be hypothesized that for higher velocities and lower depths, actual 516 
longitudinal velocity distribution had higher magnitudes in the inner region. 517 
Based on the presented results, it is concluded that the simplified mathematical model of the EMV 518 
sensor can be used to describe the operating principle of these devices in general. Furthermore, it is 519 
shown that the missing technical parameters, one-dimensional weighting function 𝐰 and CV reach 520 
𝜏𝑚𝑎𝑥, can be derived with the proposed experimental methodology for each particular bed-mounted 521 
EMV sensor. It should be noted that both 𝐰 and 𝜏𝑚𝑎𝑥 appear to be fixed properties of the examined 522 
EMV sensor, as they were applicable to both the cases with and without sand sediment.   523 
 524 
CONCLUSIONS  525 
Bed-mounted EMV meters can be considered as a supplement, or an alternative, to commonly used 526 
ADVs for flow measurements in UDS. In previous laboratory investigations, it was shown that these 527 
devices are more robust and can deliver accurate low flow measurements, even under a porous 528 
sediment cover. However, the EMV meters are sampling smaller control volume (CV), which is 529 
closer to the sensor than bed-mounted ADV’s, in the parts of the flow where velocity gradients are 530 
high. Due to the fact that both ADV’s and EMV’s velocity measurements are deviating from the mean 531 
flow velocity, a suitable extrapolation is needed to calculate the flow rate. Extrapolation, covering the 532 
range of hydraulic conditions can be defined for specific UDS geometric configuration and the 533 
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expected range of flow rates. In order to perform this type of analysis, the operating principle of the 534 
sensor needs to be modeled.  535 
Fundamentally, the operating principle of the EM devices is described through the volume integral of 536 
three vector fields product (magnetic, velocity and virtual current fields). As these vector fields are 537 
rarely defined at each specific UDS measurement site, a simplified mathematical model of the EMV 538 
meter is suggested here. The suggested model describes the EMV operating principle with only two 539 
technical parameters, one-dimensional weighting function 𝑤 and the reach of the CV, the 𝜏𝑚𝑎𝑥. It is 540 
deemed that the proposed model can be applied to any common bed-mounted EMV sensor 541 
application, if it can be assumed that the variation of the longitudinal velocity distribution is 542 
negligible across the width and length of the sensor CV.  543 
Furthermore, a novel procedure for the experimental derivation of two technical parameters, 𝑤 and 544 
𝜏𝑚𝑎𝑥, is proposed. It is based on two correlated experimental investigations. Firstly, the experiments 545 
in which the sensor is covered with porous sediment were used for determining the reduction of the 546 
measured velocity due to the variation of the lower integration limit. Secondly, the longitudinal 547 
velocity distribution is defined within the integration limits, by combining the theoretical velocity 548 
profiles and down-looking ADV measurements. Using the acquired data, the backward analysis is 549 
suggested to formulate a minimization problem, from which the unknown technical parameters are 550 
assessed.  551 
For the used Flat DC-2 EMV meter the non-linear one-dimensional weighting function was derived. 552 
The reach of the CV, for this sensor, defining the maximum upper integration limit, was found to be 553 
8.7 cm. The suggested simplified model of an EMV, and derived technical parameters, were validated 554 
against the independent set of data, obtained from previous experiments without sediment (Ivetić et 555 
al., 2018a). It was concluded that, if the velocity distribution within the CV reach is known, the 556 
velocity measurements can be simulated as the product of the one-dimensional weighting function and 557 
longitudinal velocity distribution, integrated between lower and upper integration limits.  558 
The proposed experimental procedure for derivation of 𝑤 and 𝜏𝑚𝑎𝑥,  is relatively expensive and time-559 
consuming. However, derived technical parameters appear to be invariable properties of the EMV 560 
sensor, hence the same set of parameters can be used for different sensor application. When using the 561 
suggested model of the EMV for discharge assessment, with experimentally derived technical 562 
parameters, longitudinal velocity field within the CV of the sensor needs to be assessed for each 563 
examined flow rate. Theoretical velocity distributions can be used if the local hydraulic and geometric 564 
properties meet the needed assumptions, otherwise CFD analysis should be applied. Further field 565 
investigations, probably supported by CFD analysis, are needed for the assessment of the full practical 566 
implications and limitations. The suggested research should lead to the derivation of the robust pre-567 
positioning analysis, needed for the minimization of the associated flow measurement uncertainties in 568 
the UDS. 569 
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